Abstract: Artificial light in growth chambers typically has a higher red to far-red (R:FR) ratio compared with natural light. This higher ratio may delay flowering and reduce plant height in some long-day plants. Modification of light spectral quality to lower than the critical threshold of R:FR for a given plant species can have important implications with respect to plant structural and physiological traits. The objective of this study was to accelerate lentil (Lens culinaris) flower induction in growth chambers re-fitted with T5 fluorescent bulbs, using supplemental FR bulbs to re-balance the R:FR ratio. Lentil cultivars CDC Greenland and CDC Maxim were grown under three light sources differing in R:FR, namely light emitting diodes (LED; R:FR = 3.09), T5 fluorescent bulbs (R:FR = 5.6), and T5 supplemented with near far-red bulbs (R:FR = 3.1). All three light sources provided 500 μmol m −2 s −1 of photosynthetic photon flux (PPF). Lentil floral induction was significantly affected by the R:FR ratio. Plants grown under R:FR ratios of 3.1 or less flowered 10-11 d earlier than plants grown under an R:FR ratio of 5.6. Both cultivars had the same response to R:FR ratio in terms of days to flowering and flowering rate. Mots-clés : éclairage artificiel, induction de la floraison, chambre de croissance, plante héméropériodique, Lens culinaris L., qualité de l'éclairage.
Introduction
Physiological studies on the photoperiodicity of plants show light quality, quantity, and duration affect flowering regulation in different plant species (Runkle and Heins 2001; Thomas 2006) . Light intensity, which can be described as a daily light integral by instantaneous or cumulative measurement, affects photosynthesis and consequently many plant qualities, such as branching, stem thickness, flower number, and flower size. It can also influence time to flower initiation (Runkle and Heins 2006) . Light quality and the spectral distribution of light can influence plant growth and development, including specific morphological characteristics of internode length, leaf thickness, chlorophyll content, floral induction, and flower development in photoperiodic plants (McMahon et al. 1991; Schuerger et al. 1997; Cummings et al. 2007 ). Optimal plant growth and flowering usually occur under natural sunlight that has a red to far-red ratio (R:FR) approximately equal to 1.2 (Holmes and Smith 1975) .
Two forms of phytochromes exist: active (P FR ) and inactive (P R ). The active form converts to P R in 700-800 nm, with peak absorption at 730 nm, and inactive phytochrome converts to P FR in 600-700 nm, with peak absorption at 660 nm (Schäfer and Nagy 2006; Craig and Runkle 2013) . Response to light quality in photoperiodic plants is predominantly influenced by phytochrome types A and B with different protein components, while type A (phyA) is rapidly degraded into the active form. Reed et al. (1994) observed a delay of Arabidopsis flowering in the phyA mutant and acceleration of flowering in the type B (phyB) mutant. The R:FR ratio influences the phytochrome photoequilibria (P FR / P R+FR ) within the plant. Under long day conditions and low R:FR ratio, the active P FR form of phytochrome converts to the P R form, which decreases P FR /P R+FR and leads to flower induction in long-day (LD) plants (Downs and Thomas 1982; Franklin 2008) . Plant photoreceptor physiology studies suggest that R:FR ratios can be used to set threshold values signaling the initiation of flower induction interference. Light quality responses involved in light sensing within plants could be used to identify red/far-red threshold values, indicating when flowering would be initiated (Merotto et al. 2009 ).
In artificial environments that lack optimal light conditions and sunlight, extensive attempts are made to manipulate the spectral composition of light sources to be as close to sunlight as possible to optimize plant growth and development. For example, indoor plant production (commercial or research greenhouses and growth chambers) typically requires supplemental lighting to optimize conditions for plant growth and development. However, achieving an appropriate R:FR ratio to mimic the impact of sunlight on plants can be challenging (Cummings 2011) . Establishing appropriate light systems for growth chambers involves several considerations, including cost, light distribution uniformity, and light quality (Massa et al. 2007 ). Many existing growth chambers use T12 fluorescent lamps as the main light source with supplemental incandescent (INC) light bulbs to fulfill far-red requirements. However, INC lamps are energy inefficient (Craig and Runkle 2012) and their use is being phased out by mandatory regulation in many countries including Canada (Resources-Canada 2015) . Although T12 lamps produce a wavelength distribution suitable for those plants that do not need far red spectrum, they are relatively inefficient (μmols PPF s
at converting electrical energy into light. New energy efficient light sources have recently become available in response to fluctuations in energy supply and economics, and have stimulated research on how to combine different light sources to improve the spectral output of different types of lamps (Heathcote et al. 1979; Cathey and Campbell 1980; Runkle and Heins 2006; Meng and Runkle 2014) . A recent improvement to lighting technology is T5 fluorescent lamps, which are more efficient, last longer, have a slower lumen depreciation, and are less sensitive to temperature compared with T12 lamps (Albright et al. 2012) . However, the light spectra achieved in artificial growth environments are still far from ideal. In 2012, the University of Saskatchewan (U of S) phytotron was retrofitted with T5 fluorescent bulbs to decrease energy consumption and heat. The U of S Crop Development Centre lentil (Lens culinaris) research program uses the phytotron extensively for breeding and developing recombinant inbred line populations, and such activities require rapid flowering to reduce generation time. However, the change from T12 to T5 bulbs in the phytotron caused a 3-4 wk delay in time to flowering of lentil cultivars and breeding lines and a 10-12 week delay in flowering of Lens nigricans. These significant delays made it difficult to complete three breeding cycles per year in the phytotron and highlights how light spectral quality can affect plant structural and physiological traits (Rousseaux et al. 1996; Pons and de Jong-Van Berkel 2004) .
The effects of light quality on many plant species are not well understood; however, the R:FR ratio is likely linked to flower induction in both LD and short-day (SD) plants. LD plants, such as lentil, require a lower R: FR ratio for flower induction. The quantity and interception of photosynthetically active radiation (PAR) have been studied in lentil plants (Colli and Facchini 1954; Summerfield et al. 1984) , but the role of photomorphogenic radiation as a regulator of floral induction of lentil plants under controlled environmental conditions is not clear. Therefore, the main goal of this research was to examine the spectral properties of growth chamber light sources, taking a whole-plant flowering approach by examining growth responses of two typical lentil cultivars in similar growth chambers under different light sources. Our aim was to evaluate the effect of supplemental FR fluorescent bulbs on rebalancing the R:FR ratio to reduce flowering time in lentil. The hypothesis was it was possible to achieve normal flowering time through the use of different available light sources.
Materials and Methods

Plant material and in vitro growth conditions
Two lentil cultivars, CDC Greenland and CDC Maxim, were used. CDC Greenland is from the large green market class, while CDC Maxim is from the small red market class. These are the two most widely grown lentil cultivars in their respective market classes in the world based on available statistics (SCIC 2015). They are typical of the genetic base of the lentil breeding program at the U of S Crop Development Centre and are widely grown in western Canada, a region that produces almost 50% of the world's lentil (FAOstat 2015) . Plants were grown in vitro to minimize environmental variation. Seed sterilization and germination was conducted following the rapid generation technology (RGT) protocol (Mobini et al. 2015) . The germinated seeds were cultured on day three, using perlite (horticulture medium grade, Supreme, USA) as a substrate in double Magenta boxes. They were maintained in three growth chambers (Conviron®, Winnipeg, Canada) with the same settings, except for light source, as the three treatment groups. The temperature was controlled at 21°C/17°C day/night, with 18 h light and 6 h darkness. Although different lighting treatments could affect temperature and humidity, recorded environmental condition data from all three chambers and inside the Magenta boxes showed that temperature and humidity were accurately regulated to the set point. A commercial hydroponic solution (HS, Holland Secret of Plant Life Products™, Canada) with pH = 5.8 was used as the source of plant nutrients. The 'vegetative formula' of HS was used until flower initiation, followed by the HS 'ripening formula'. The vegetative formula consisted of 2.5 mL L The growth regulators used for in vitro lentil production are described in Mobini et al. (2015) . Topflor™ (containing 0.38% flurprimidol; SePRO Corporation, Carmel, IN, USA) and 4-Cl-IAA (Ark Pharm, Inc., USA) were sterilized by filtration through a 0.2 μm Dyngard membrane (Nalgene, Mexico) and added to the sterile medium. To adjust lentil stem length in double Magenta boxes (19 cm height), 0.5 mL L −1 of 5% Topflor was added to the vegetative growth nutrient formulation at the 3-leaf stage.
Light treatments
To compare the same irradiance and minimize bias, all light measurements were collected using a radio spectrometer (Apogee, PS-200, Utah, USA) under standard conditions of detector integration time, number of scans, spectral smoothing, and temperature compensation at 80 cm distance from the light source. Spectral irradiance was measured as photosynthetic photon flux density (PPF) quantified as μmol photons m −2 s −1 , using the average of five scans over the range from 185 to 850 nm. Several preliminary experiments were performed, using CDC Greenland, CDC Maxim and different light qualities, quantities, and photoperiods, to further quantify how FR adjustment might affect lentil flower initiation and development (Table 1 ). The light spectra of all available light sources were evaluated to determine their light intensity and quality (R:FR and PPS = the phytochrome photo-stationary state, the ratio of the ), but with each chamber differing in their R:FR spectral composition through the use of LEDs (R:FR = 3.09), T5HO 841 fluorescent bulbs (R:FR = 5.6), and T5HO 841 fluorescent bulbs supplemented with 11% NIR bulbs (R:FR = 3.1), respectively (Table 1, codes 17-19) . Because flowering is affected by a consistent but narrow bandwidth in different plants, e.g., cowpea (Ahmed et al. 1993) , Arabidopsis (Lee and Amasino 1995), white clover (Marcuvitz and Turkington 2000) , and yellow nutsedge (Li et al. 2001) , the target R and FR wavelengths were 655-665 and 725-735 nm, respectively. The R:FR and PPS were calculated for each treatment group according to Sager et al. (1988) . Other experimental treatments involving an R:FR ratio of 1.9 were tested to achieve an increase in FR and hasten flowering time.
Plant parameter measurements
Flowering rate was defined as the percentage of plants producing at least one flower. Flowering date was defined as the date the first flower reached anthesis. Time to flowering was calculated based on days from initial seed imbibition to first flower. Plants were considered late-flowering if flowers were not visible after 45 d. The experiment was terminated on day 45 because our preliminary experiments determined that R:FR does not affect seed setting (data not presented).
Statistical analysis
A completely randomized design was used with four plants per double Magenta boxes, 40 double Magenta boxes per cultivar, two cultivars, and three experimental runs as three replications. The mean value of days to flowering and flowering rate for the four plants was used as the data point for a given double Magenta box. For homogeneity, flowering rate values of 0 and 100 were converted into 1/4n and 100 − 1/4n (n = number of replications in each treatment) (McDonald 2009). Data were subject to analysis of variance (ANOVA) and orthogonal contrasts with P = 0.05 as a maximum value of significance using PROG GLM in SAS statistical software (SAS Institute, Cary, NC, USA).
Results
Spectral distribution
The different light sources employed in the phytotron demonstrate a range of spectral properties (Table 1) . Specific spectra are illustrated for different light sources including; pre-2012 light source (T12VHO, INC, and the mixture thereof; Fig. 1 ), MH and HPS lamps and the mixture thereof (Fig. 2) , and the new T5 bulbs and LED light sources (Figs. 3, 4) . Most of these sources are deficient in far red (725-735 nm) and have an R:FR ratio higher than natural light (1.2), ranging from 1.87 for MH to 6.91 for T5HO 835 (Table 1) .
Flowering responses
The influence of R:FR ratio on flowering was compared for CDC Greenland and CDC Maxim grown under the same light intensity and three different light sources. Based on preliminary experiments (Table 1) , an R:FR ratio of 3.1 was close to the critical threshold for flower induction, so in the main experiment, we evaluated a high R:FR (5.6) generated using T5HO 841 bulbs against (Fig. 5) . For plants grown under the lower R:FR ratio, there were no significant differences between cultivars or light sources with respect to days to flowering. Under the T5 bulbs, few CDC Greenland (0.6%) and CDC Maxim (1.9%) plants reached flowering, whereas 81%-96% of plants flowered in the other two lower R:FR light environments. Light source had no significant effect on the flowering rate of CDC Maxim, but the flowering rate for CDC Greenland was 15% higher under T5 bulbs with supplemental NIR compared with LEDs. The best response to accelerate flowering time in 31 d was accorded with composition of 30% NIR, 60% Aquaflora, and 10% T5HO 841 in order to provide an optimal R:FR ratio of 1.96, PPS = 0.788, and sufficient PPF = 500 μmol m −2 s −1 (Fig. 6 ). Reducing the light intensity from 500 to 257 μmol m −2 s −1 delayed flowering in the same R:FR ratio ( 
Discussion
The importance of three different properties of light including; the quality, intensity, and duration, crucial for plant growth, development, and flowering has been demonstrated in both model crops (e.g., Arabidopsis and Lolium) and horticultural crops (e.g., petunia and viola) (Runkle and Heins 2006) . Flower initiation and time to flowering in LD plants is related to light quality when plants receive more than the critical photoperiod [estimated at 16 h for lentil; (Summerfield et al. 1985 ; Erskine et al. 1990) ]. Extended day length, using incandescent light (containing R+FR light), led to 2-3 wk faster flowering in different varieties of petunia than using fluorescent light (Piringer and Cathey 1960) . Craig and Runkle (2012) showed that maintaining a moderate R: FR wide ratio (0.66-1.07) using LED lamps increases plant height, promotes flowering in long-day plants such as petunia and snapdragon, and inhibits flowering in short-day plants such as marigold compared with a high R:FR wide (2.38 or greater). A previous study (Mobini et al. 2012 ) showed up to 4 wk delayed flowering in lentil with R:FR = 6.3, while using the ratio of 2.5 or less accelerated flowering (30-33 d to flowering). Hence, the critical threshold of R:FR ratio for lentil flower induction might be between 2.5 and 6.3. Our study shows that a higher R:FR (>3.1) delays flowering and reduces flowering rate in two model lentil cultivars. The flowering time of the two cultivars did not differ significantly under the two different sources (LEDs, T5HO 841+NIR) with an R:FR ≈ 3.1; however, the flowering time under T5HO 841 alone (R:FR = 5.6) was significantly longer. This clearly demonstrates the impact of R:FR ratio on lentil floral induction.
Adjusting the R:FR to less than the determined threshold (3.1) significantly reduced the delay in lentil flowering. Optimal flowering, mimicking sunlight, was achieved by more reduction in R:FR to 1.9 (Fig. 6) . These findings are consistent with other studies that show flowering in field pea and Arabidopsis responds to a large reduction in the R:FR ratio (Cummings 2011) . To fulfill the R:FR requirements of a given plant species, a specific light source or a combination should be selected based on their spectral distributions.
The spectral characteristics of different light sources available in the U of S phytotrons were aimed to be determined. Delayed flowering was not an issue for lentil genotypes grown under an R:FR of 2.24 generated from the mixture of T12VHO + INC bulbs used pre-2012 (Fig. 1) . However, this mixture was of low efficiency in terms of photosynthesis with high cost and heat release compared with the other light systems. Incandescent bulbs are often used to add more far-red light, with the aim of producing a more natural R:FR ratio, but they substantially contribute to thermal load. Cummings et al. (2007) showed that adding FR light through the use of INC can lead to heat load problems and thermal loading of the growth chamber and inside the plant canopy. Through regulatory changes, INC has been replaced in most indoor commercial plant nurseries and plant research facilities. High-intensity discharge lamps, such as HPS and MH, are often used to produce higher irradiances closer to natural light. Metal halide lamps have a slightly wider spectrum than HPS lamps (Craig 2012) . HPS with more orange-red light (600-700 nm) and MH with more blue light (400-500 nm) are not used solely due to lack of spectrum distribution for plant growth and flowering (Wheeler et al. 1991; Pessarakli 2014) . However the mixture of MH and HPS is usually used to provide an acceptable R:FR as well as spectrum distribution for photosynthesis (2.58 at 1:1 composition), but this mixture loaded heat (because of the 820 nm peak) and made it unsatisfactory (Fig. 2) . In our former studies (Mobini et al. 2013) , the heat caused high relative humidity (RH %) inside vessels, condensed water, and ultimately burnt sensitive leaves of the lentil plants in the Magenta boxes. Moreover, this option is costly, high wattage, inefficient, has spectral characteristics (λ) incompatible with plant requirements, and provides unequal irradiation distribution (Martineau et al. 2012; Kozai 2013) .
Newer options include LED light sources, which have the highest energy efficiency and life span, but require costly infrastructure (Kohyama et al. 2014) . Here, using LEDs with an R:FR = 3.09 resulted in floral induction in the two lentil cultivars considered in 33 d. The other option considered was T5 bulbs, which are highly efficient with respect to PPF and have minimal heat release with a slight variation in their spectrums. They are rapidly becoming popular in growth chambers and indoor plant research facilities due to their low cost, high efficiency, and appropriate spectral distribution. Although, their light quality is usually insufficient to correct the far-red deficit, and, as shown in this study, their use as the sole light source can result in a 3-4 wk delay in flowering for different lentil genotypes. However, adding NIR bulbs, rich in far-red, in place of 11% of total T5 bulbs provided a light spectra with an R:FR ratio of 3.1, which was appropriate for timely lentil flower induction (33-35 d) .
A long photoperiod, up to 20 h per day, did not affect flower induction positively. After reducing the R:FR ).
ratio, the effect of photoperiod on flowering became evident. Other studies had also shown that flower initiation and time to flowering in LDPs is related to light quality when plants receive more than the critical photoperiod, which was estimated to be 16 h for lentil (Summerfield et al. 1985; Erskine et al. 1990 ). Using extended day length with incandescent light (containing R+FR light), different varieties of petunia flowered 2-3 wk faster than using fluorescent light (Piringer and Cathey 1960) . Craig and Runkle (2012) showed that maintaining a moderate R:FR wide ratio (0.66-1.07) using LED lamps increases plant height, promotes flowering in long-day plants such as petunia and snapdragon, and inhibits flowering in short-day plants like marigold compered to high R:FR wide (2.38 or greater). Under the same photoperiod and light intensity, the flowering time responses of the two lentil cultivars did not differ significantly. This shows the impact of R:FR ratio on lentil floral induction. Determining the spectral characteristics of different light sources used in U of S growth chambers showed that huge thermal load and low light efficiency in INC, HPS, and MH light sources (Table 1) . Incandescent bulbs are often used to add more far-red light, with the aim of producing a more natural R:FR ratio, but also they add to thermal load. High-intensity discharge lamps, such as HPS and MH are often used to produce higher irradiances while closer to natural light. However, the thermal implication should be more considered even though the air temperature is already controlled. In order to have ideal plant growth, both light intensity and the R: FR ratio should be taken into consideration simultaneously, while having high light efficiency is an asset in order to avoid any heat release. Although, HID lamps have a suitable R: FR ratio lower than 3.1, they lack efficiency because of heat discharge. Temperature and humidity both increased with the use of INC, but not with LED (Cummings 2011) . This influenced pea and Arabidopsis growth, similar to our observation on lentil in vitro growth conditions. This study confirms the specific function of red (655-665 nm) and far-red (725-735 nm) light and their ratio as a major effect on flower induction in lentil. FR enrichment in long day plants can be used to optimize and accelerate flowering time. However, FR levels beyond minimum requirements produce heat, thereby increasing thermal load, cooling requirements, and energy use. In an artificial light system when the number of lights installed inside a chamber is limited, the addition of expensive FR bulbs requires the removal of other bulbs, which decreases light intensity. Thus, considerations must be made to optimize both the light intensity [minimum 400-500 μmol m −2 s −1 ; (Summerfield et al. 1984; Sager and McFarlane 1997) ] and the wavelength distribution received by the plants.
Our results show the importance of ensuring the minimal light intensity is achieved and optimizing the R:FR ratio. The light intensity will be reduced to lower than 300 μmol m −2 s −1 if this ratio is reduced to less than 1.9 (as observed in our preliminary experiment; Table 1 ). However, ratios above 3.1 delay flowering time. Therefore, the R:FR ratio should be maintained at the critical threshold suitable for flower induction (e.g., 3.1 for lentil) based on the results of this study).
In conclusion, this study confirmed the specific function of red (655-665 nm) and far-red (725-735 nm) light and their ratio as a major effect on flower induction in lentil. It also determined the critical threshold of R:FR ratio needed for lentil flower induction. Adjusting the R:FR ratio to 1.9 (by increased use of FR lamps), confirmed with supplementary experiments, resulted in reduced time to flowering (31 days). Subsequently, we determined the optimum level of FR and light quality for lentil is a combination of 30% NIR, 10% T5HO 841, and 60% Aquaflora T5 bulbs (Fig. 6 ) by testing all possible combinations of available light sources. This combination produced a light intensity of 500 μmol m −2 s −1 in the majority of our growth chambers. Although the results of this research may not be directly applicable to different controlled environment conditions or different crops, the overall methodology and outcomes can be applied to any other long day plant grown under artificial light. The results of this study are practically applicable to all growth chambers for lentil flower acceleration and specifically towards improved performance and efficiency of lentil research and breeding programs undertaken at the University of Saskatchewan.
